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ABSTRACT The molecular weights, amino acid compositions, amino-and carboxyl-terminal sequences, and ion-exchange peptide maps of the cysteine-containing tryptic peptides were determined for the iron proteins from the nitrogen fixation complexes of Azotobacter vinelandii (Av2) and Klebsiefla pneumoniae (Kp2). Our results are compared to the known amino acid sequence of the iron protein from Clostridium pasteurianum (Cp2) [ Our results indicate that the protein structures are similar yet have significant differences. The amino-terminal sequences of Av2 and Kp2 are extended compared to the amino-terminal methionine of Cp2 and may indicate a different initiation site in these proteins. The aminoterminal sequences for Av2 and Kp2 are more homologous with each other than either of these are with Cp2. The caroxylerminal sequences are extended in Av2 (14 residues) and Kp2 (#30 residues) compared to Cp2. The amino-and carboxyl-terminal sequences establish that either the structural gene sizes are different in the three organisms or extensive posttranslational modification must occur in some species. Because cysteinyl residues are involved at the active site of the iron protein, a sensitive peptide mapping technique was used to compare cysteinyl peptides of the iron protein from the three species. Av2 and Kp2 nave a redistribution of cysteinyl residues when compared to Cp2. Three important differences in the cysteine distributions were found, namely, residue 4 is valine and residue 148 is alanine in Cp2, but cysteinyl residues occupy these positions in Av2, whereas residue 231 is cysteine in Cp2 but alanine in Av2. The peptide mapping technique provides a method for the investigation of selective chemical modification of cysteinyl residues.
Biological reduction of dinitrogen to ammonia is catalyzed by a complex of two proteins: the molybdenum-iron (MoFe)-protein,t which contains the site of substrate reduction, and the iron (Fe)protein, which reduces the MoFe-protein concomitant with ATP hydrolysis (1). The MoFe protein is an aAB tetramer (Mr 220,000) and has 30-32 Fe atoms, 2 Mo atoms, and inorganic sulfur. The Fe-protein is a dimer (Mr 58,000-73,000) and has a single 4Fe-4S cluster, in which four cysteinyl residues between the subunits presumably function as ligands (1) . The amino acid sequence for the Fe-protein from C. pasteurtanum has been determined (2), whereas only limited sequence information is available for the MoFe-protein from A. tdnelandi (3) or from K. pneumoniae (1) .
Unlike other fundamental biological processes, nitrogen fixation is limited to a few, ecologically diverse, prokaryotes.
The distribution of nitrogen-fixing organisms includes anaerobic, aerobic, and facultative anaerobic species which may have diverged as long as 2-3 billion years ago, a period when biological nitrogen fixation was not required because abiological ammonia was plentiful (4, 5) . Yet, all species within a genus or family-e.g., Klebsiella-may not fix nitrogen. Many of the enzymatic and spectroscopic properties of the nitrogenase proteins from diverse species are similar, which suggests that the proteins are structurally similar (1) . For example, Emerich and Burris (6) have shown that the Fe-protein from many species will form an active nitrogenase complex with the MoFe-protein from other species. These kinds of observations have led Postgate (7) to propose that nitrogen fixation may be a more recent evolutionary development for which the genes were distributed between species by plasmids. Support for this hypothesis was recently provided by Nuti et al. (8) , who found that some of the nitrogen-fixation genes (nif genes) in Rhizobium are on plasmids. In addition, Ruvkun and Ausubel (9) have found by DNA (2, 11) . There is a large variation in the reported number of cysteinyl residues per subunit for Kp2 (nine residues) and Av2 (two residues) (11, 12) . There is a substantial difference in the temperature stability of the Fe-proteins from various sources (13) . Finally, there appear to be differences among species in the biological regulation of the Fe-protein; e.g., in Rhodospirillum rubrum the Fe-protein, as isolated, must undergo activation by a peptide factor that requires ATP and divalent metal ion (14) . it is our purpose to describe some of the structural imilarities * To whom reprint requests should be addressed. (12) . Sequen'ce determination methods were those described previously (16) . All other procedures are described in appropriate figure and table legends. 
RESULTS AND DISCUSSION
In order to compare the sizes and the numbers of amino acid residues in the Fe-proteins, the molecular weights of Kp2 and Av2 were reinvestigated by sodium dodecyl sulfate/polyacrylamide gel electrophoresis. The densitometer scans of gels for Kp2, Av2, and Cp2, and a mixture of all three proteins are shown in Fig. 1 . Using the calculated molecular weight from the amino acid sequence of Cp2 (Mr 29,685)t and other marker proteins, a molecular weight of 31,200 was calculated for Av2 [cf. Mr 33,000 reported before (12) ]. Amino acid analysis of Av2 based upon its larger molecular weight suggested 16 additional residues compared to Cp2 (Table 1) . Kp2 was calculated to have a molecular weight of 32;600 [cf. Mr 34,600 reported before (11)] or -30 more residues than Cp2 (see Table 1 ). The amino acid compositions for all three proteins are compared in Table  1 . Our values for Cp2 and Kp2 agree well with the previous reports (2, 11) . However, our analysis of Av2 differs for three residues; we found 5 more lysyl residues, 8 fewer glutamyl residues, and 5 more cysteinyl residues than previously reported (12) . Our analysis of cysteine was confirmed by the sequences of the cysteine-containing peptides given below.
DNA hybridization studies have suggested strong sequence homology for the Fe-protein from different species (9, 15) . In order to determine the extent of homology, the sequences of the amino-terminal, carboxyl-terminal, and cysteine-containing internal regions were determined. The amino-terminal sequences for Av2 and Kp2 were determined by repetitive automated Edman degradation and are shown in Fig. 2 The electron transfer properties of the Fe-protein are due to the 4Fe-4S center, which is shared between the identical protein subunits (17, 18) . The protein ligands for the cluster are cysteinyl residues and may represent a difference in the protein Av2 NH2-Ala-Met-Arg-Gln-Cys-Ala-Ile-Tyr-Gly-Lys-Gly-GlyKp2 NH2-Thr-Met-Arg-Gl n-Cys-Ala-Ile-Tyr-Gl y-Lys-Gly-GlyCp2 NH2--Met-Arg-Gln-Val-Ala-Ile-Tyr-Gly-Lys-Gly-Gly-
Av2
I le-Gl y-Lys-Ser-Thr-Thr-Thr-Gl n-Asn-Leu-Val -Ala-AlaKp2
Ile-Gly-Lys-Ser-Thr-Thr-Thr-Gln-Asn-Leu-Val-Ala-Ala- (16) . For Av2 the initial yield was 40%, and the repetitive yield was 96%. For Kp2 the initial yield was 32%, and the repetitive yield was 98%. Fig. 4A . Namely, one peak of radioactivity equal to two cysteinyl residues was found in Cp2 but-was missing in Av2, whereas three peaks of radioactivity equal to three cysteinyl residues were found in Av2 but not in Cp2. In order to identify which radiolabeled cysteinyl peptide corresponded to a specific sequence in the protein structure, the radiolabeled peptides from Av2 were separated on a preparative-scale ion-exchange column and further -purified by gel chromatography and paper electrophoresis (data not shown). The sequences of the cysteinyl regions from the Av2 tryptic peptides and their relative position in the Av2 sequence are shown in Fig. 5 . Six of the seven cysteines were identified in tryptic peptides and corresponded to peaks 1-4 and 7 in Fig.  4 . The seventh cysteine was in a tryptic peptide that eluted as a broad smeared peak centered at position 5.
Five of the Av2 cysteinyl residues exactly corresponded to five of the six cysteinyl residues in Cp2 (see Fig. 5 ). Namely, peptides F, B, and C have identical size and charge, and, as expected, the respective peptides from Av2 and Cp2 coeluted (peaks 1, 3, and 4, in Fig. 4A ). In addition, the large, 40-residue, cysteine-containing, peptide D has three fewer carboxylic acid residues in Cp2 than in Av2 (data not shown); therefore, the two peptides have unique elution positions (peak 6 for Cp2 and peak 7 for Av2). However, three cysteinyl residue differences were found when comparing the Av2 and Cp2 peptides. Peptides Av2-A (peak 2) and Av2-E (broad peak 5) contained cysteinyl residues that were not present in the homologous regions of Cp2 (see Fig. 5 ). In contrast, region G in Cp2 had a cysteinyl residue that was not present in the comparable region of Av2. This peptide in Cp2 has only 1 less charge than peptide Cp2-D and is part of peak 6 in the Cp2 elution profile. The change of cysteine to alanine in Av2 was substantiated by the sequence of a peptide derived from S. aureus peptidase digestion of Av2 that overlapped the region. Although the sequences surrounding the cysteinyl replacements are highly conserved, all three alterations require two DNA nucleotide base changes at the cysteinyl codon; yet the identity in the cysteinyl regions (Z90%) is much higher than for the protein as a whole (t60%).
A comparison map of the radiolabeled cysteinyl peptides from Kp2 and Av2 was prepared. As can be seen in the cochromatogram in Fig. 4B , Kp2 is indeed more nearly like Av2 than it is like Cp2. Seven of the nine cysteinyl residues in Kp2 are found in peptides that have the same size and charge as the seven cysteinyl residues from Av2. This includes peptides A-C and F as well as peptide D, which coeluted with the comparable peptide of Av2 (peak 7) rather than the peptide from Cp2 (peak 6). The similarity of the peptide maps extended to the broad peak 5. From the specific radioactivity in peaks 4 and 5 (68-115 ml, Fig. 4B ) we calculate that there were 5.3 cysteinyl residues in this region for peptides from Kp2. Peak 4 contained the dicysteinyl peptide C, leaving three residues in the broad elution of peak 5 . From our maps we could not determine whether the additional cysteinyl residues of Kp2 are in one peptide. However, the distribution of the radioactivity strongly suggested that Kp2 has a peptide similar to Av2-E and contains at least one cysteinyl residue.
The results presented here confirm that the Fe-proteins from different species have highly conserved amino acid sequences at the amino terminal and around the cysteinyl residues. For the three examples studied, five of the cysteinyl residues appear to be in identical sequences. However, the three differences involving cysteinyl residues found in Av2 appear to occur also in Kp2. Because Cp2 binds to the MoFe-proteins during the MoFe-protein reduction cycle. Cysteinyl residues have also been implicated in the ATP-binding site (20) . Thus, a cysteinyl difference in the initial cluster ligand, in a cluster exchange ligand, or in an ATP-binding site might account for the enzymatic difference in the Fe-proteins. The peptide mapping technique shown above should provide a method whereby specifically labeled cysteinyl residues-e.g., cluster residues or ATP-binding site residues-can be identified and compared between the different species.
